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Car-Parrinello molecular dynamics simulation of the hydrated
calcium ion
Abstract
First principles molecular dynamics has been used to investigate the structural, vibrational, and
energetic properties of [Ca(H2O)(n)](2+) clusters with n=1-9, and the hydration shell of a calcium ion in
a periodically repeated box with 54 water molecules. We find that, while stable highly symmetric
Ca-water clusters can be formed with up to eight water molecules, the n=9 cluster dissociates into the
last stable [Ca(H2O)8](2+) complex. In solution the first hydration shell around the Ca2+ ion contains
six water molecules in an octahedral arrangement. The electronic structure of nearest neighbor hydration
shell water molecules has been examined with a localized orbital analysis. The average dipole moments
of hydration water molecules was found to be increased by about 0.4 Debye relative to that of pure
water.
JOURNAL OF CHEMICAL PHYSICS VOLUME 117, NUMBER 21 1 DECEMBER 2002Car–Parrinello molecular dynamics simulation of the hydrated calcium ion
I. Bako´
Chemical Research Center, Hungarian Academy of Sciences, H-1525 Budapest, Hungary
J. Hutter
Physical Chemistry Institute, University of Zurich, CH-8057 Zurich, Switzerland
G. Pa´linka´s
Chemical Research Center, Hungarian Academy of Sciences, H-1525 Budapest, Hungary
~Received 27 June 2002; accepted 4 September 2002!
First principles molecular dynamics has been used to investigate the structural, vibrational, and
energetic properties of @Ca(H2O)n#21 clusters with n51 – 9, and the hydration shell of a calcium
ion in a periodically repeated box with 54 water molecules. We find that, while stable highly
symmetric Ca–water clusters can be formed with up to eight water molecules, the n59 cluster
dissociates into the last stable @Ca(H2O8#21 complex. In solution the first hydration shell around the
Ca21 ion contains six water molecules in an octahedral arrangement. The electronic structure of
nearest neighbor hydration shell water molecules has been examined with a localized orbital
analysis. The average dipole moments of hydration water molecules was found to be increased
by about 0.4 Debye relative to that of pure water. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1517039#I. INTRODUCTION
At the end of last century a large number of classical
computer simulation studies have been devoted to elucidate
the structure and dynamics of aqueous and nonaqueous so-
lutions. The simulation techniques provided experimentally
inaccessible information, which was very useful for a deeper
understanding of these systems at the molecular level. Simu-
lation studies were also helpful in interpreting experimental
data such as those resulting from spectroscopic and diffrac-
tion experiments. However, these conventional molecular
dynamics ~MD! or Monte Carlo ~MC! methods are based on
effective two particle interaction potentials. The model ion–
solvent energy surface is traditionally constructed by fitting a
set of experimental data or the interaction energy obtained
directly from quantum chemical calculations of dimer inter-
actions and fitting the energy surface by an empirical form.
Incorporation of many body interactions in standard com-
puter simulation techniques is not straightforward as shown
below.
Recently considerable attention has been paid to reinves-
tigate the structure and dynamics of aqueous and nonaqueous
solutions by the Car–Parinello molecular dynamics
technique.1 The advantage of this ab initio molecular dynam-
ics method in studies of solvation phenomena is its ability to
study the role of nonadditivity effects in determining the
structure of ion-solvation shells. The Car–Parrinello molecu-
lar dynamics method which is based on density functional
theory provides also information on the effect of ion-solvent
interactions on the vibrational modes of solvent molecules in
a natural way. The technique has already been successfully
applied to the study of hydration phenomena of several
ions including H3O1, Be21, Li1, Na1, K1, Mg21,
Al31.2–8 In this paper we present density functional studies
and Car–Parinello molecular dynamics simulations of small9830021-9606/2002/117(21)/9838/6/$19.00
Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject to@Ca(H2O)n#21 clusters with n51 – 8 water molecules to-
gether with results obtained from the Car–Parrinello simula-
tion of the Ca21 ion in a periodic box of 54 water molecules.
The hydrated Ca21 ion plays a very important role in
biological systems. The biochemical importance of calcium
ion has led to a number of structural studies to determine its
hydration properties in aqueous solution. In spite of a large
number of experimental and theoretical studies the hydration
number of calcium ions has remained ambiguous. From
x-ray diffraction experiments the average coordination num-
ber of Ca21 change in the range from 6 to 8,9–11 whereas
from neutron diffraction of one molar CaCl2 solution a
higher hydration number of 10 was found.12 The coordina-
tion number and the nearest neighbor Ca21 – O distances ob-
tained from the traditional MD or MC simulation varies be-
tween 7–9.3 and 2.39–2.54 Å, respectively.13–18 The aim of
the present study was to reinvestigate the structure of the
hydration shell of a calcium ion by Car–Parrinello simula-
tion.
II. METHODOLOGY
The ab initio molecular dynamics simulations have been
performed using the BLYP functional, i.e., the exchange
functional given by Becke and the correlation energy expres-
sion by Lee, Yang, and Parr.20 This method has already been
successfully applied in investigations of liquid water and
aqueous ionic solutions.4–6,19
The ten outer electrons (3s2,3p6,4s2) of Ca were treated
explicitly and the electron–ion interaction was described by
a norm-conserving pseudopotential based on the neon core
and generated according to the Troullier–Martins form.21
Oxygen and hydrogen pseudopotentials were the same as
used in previous studies of aqueous systems.4–6,19 The va-
lence electron wave functions were expanded in plane waves
with an energy cutoff of 70 Ry. The hydrogen nuclei have8 © 2002 American Institute of Physics
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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terium isotope. The fictitious electron mass in the CPMD
calculations was set to 900 a.u. The time step was set equal
to the 0.14 fs ~6 a.u.!. In the periodic systems a homogenous
background charge was applied to compensate for the cal-
cium ionic charge. The initial configuration was taken from
the molecular dynamics simulation of Ca21 ion using the
ion–water potential of Floris et al.14 in the simple point
charge SPC/E water model.
For the CPMD study the system was first equilibrated
using a constant temperature for 3 ps. After this, the system
was re-equilibrated for 1 ps. The final trajectory of the sys-
tem used for the analysis was collected from 7 ps of a con-
stant energy simulation. The average temperature over the
constant energy run was around 306 K.
In order to investigate the influence of Ca21 ion on the
electronic structure of water a localized molecular orbital
analysis was performed using maximally localized Wannier
functions.22 It has already been shown that the dipole mo-
ment of a water molecule can be calculated from the ions and
Wannier function center ~WFC! positions assuming that the
electronic charge is concentrated at point charges located on
the WFC. All of the ab initio molecular dynamics calcula-
tions were done with the program CPMD.23
To test our Ca21 pseudopotential we first performed op-
timization on the @Ca(H2O)n#21 clusters using the GAUSSIAN
98 program package24 and our CPMD code. All of the local-
ized basis set DFT calculations were performed using GAUSS-
IAN 98 with the BLYP density functional. The basis set em-
ployed for all optimization and frequency calculations was
the 6-3111G** set. It has already been shown that this
basis set describes quite well the Ca21 –water interaction.25
The structure of each of the complexes was fully opti-
mized by searching for a minimum in its potential hypersur-
face. Taking into account the fact that the potential surfaces
for this type of clusters are flat, the TIGHT convergence
criterion was used in the GAUSSIAN 98 program package. At
each stationary point thus second derivatives were calculated
in order to confirm that point was a minimum on the poten-Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject totial surface. All interaction energies were corrected for the
basis set superposition error ~BSSE! by using the counter-
poise method.26
III. RESULTS AND DISCUSSION
A. Ca2¿–water complexes
Figure 1 shows the optimized geometries for the Ca21
(H2O)n n51, 8 clusters. As can be seen the water molecules
surround symmetrically the central ion to form the so-called
interior structures. The calcium ion was found to form stable
hydrates with up to eight water molecules. The insertion of
the ninth water molecule into the hydration shell was not
possible.
The total hydration energies DE5$E(Ca(H2O)n21)
2E(Ca21)2nE(H2O)% and the geometrical parameters for
optimized clusters as calculated using the localized basis set
~DFT/BLYP! and plane wave ~CP/BLYP! methods are given
in Table I. Comparison of calculated gas phase geometries
from both methods show favorable agreement. The Ca21 – O
distance for the smaller clusters (n51 – 3) are typically
0.01–0.03 Å shorter in the CP/BLYP calculation. As can be
FIG. 1. Optimized geometries of @Ca(H2O)n21# , n51 – 8 clusters.TABLE I. Energy minimum geometries and total energies ~in Å, deg, and kJ mol21! of @Ca(H2O)n21# clusters with n51 – 8 obtained with the gradient
corrected DFT theory ~a! and CPMD simulation ~b! n5611 and n5612 denote the octahedral nearest neighbor hydration shell with one or two water
molecules in the secondary shell. DE5$E(Ca(H2O)n21)2E(Ca21)2nE(H2O)%.
r(Ca21 – O)
Å
r(OH)
Å
a~HOH!
deg
DE ~tot!
kJ mol21
a b a b a b a b
H2O 0.972 0.973 104.30 103.96
Ca211-H2O 2.248 2.214 0.986 0.986 104.09 104.22 2238.89 2245.87
Ca2112H2O 2.304 2.273 0.983 0.983 103.85 104.32 2439.40 2450.19
Ca2113H2O 2.323 2.316 0.981 0.981 104.27 104.31 2627.79 2629.17
Ca2114H2O 2.351 2.350 0.979 0.979 104.37 104.39 2778.90 2782.91
Ca2115H2O 2.409 2.400 0.978 0.977 104.62 104.62 2889.38 2899.54
Ca2116H2O 2.422 2.421 0.976 0.976 105.16 105.07 2992.62 21003.66
Ca2117H2O 2.520 2.510 0.975 0.976 105.02 105.20 21047.76 21062.18
@Ca211(611)H2O# 21109.66
Ca2118H2O 2.510 2.510 0.972 0.976 105.78 105.65 21101.93 21120.66
@Ca211(612)H2O# 21184.68
a6-3111G!!.
bTM/70 Ry. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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increasing and the O–H intramolecular distance is decreas-
ing gradually as new water molecules are incorporated into
the hydration shell of the calcium ion. The geometrical pa-
rameters obtained, especially for the smaller cluster (n
51 – 3), are in reasonable agreement with those reported
elsewhere.27,28 The Ca21 – O distance in the clusters contain-
ing more than 3 water molecules are typically 0.03–0.07 Å
shorter than the previous published values. The difference
may be due to the more extended basis set applied in the
present study.27 In the lowest energy gas phase structure of
the Ca(H2O)621 cluster water molecules coordinate the cal-
cium ion symmetrically by an antidipole orientation. The dis-
tance between water molecules in different clusters with n
.6 is gradually decreasing with rOO53, 42, 2, 95-3, 1, 2, 95
Å for n56, 7, and 8, respectively. Figure 2 shows the bind-
ing energy of water molecules DE tot /n together with the en-
ergy required to remove one water molecule from a given
cluster,
FIG. 2. Hydration energies DE tot /n, where DE tot5$E(Ca(H2O)n21)
2E(Ca21)2nE(H2O)% and DE inc5uE(Ca(H2O)n21)2E(Ca(H2O)n2121 )
2E(H2O) in kJ mol21 of @Ca(H2O)n#21 clusters for n51 – 8 obtained with
the gradient corrected density functional theory ~open triangle and star! and
CPMD ~open circle and cross! simulation. Bold star and bold triangle stand
for clusters with six water molecules in first hydration shell and one or two
in the secondary shell obtained with DFT theory.Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject touDE incu5uE~Ca~H2O!n
21!2E~Ca~H2O!n21
21 !2E~H2O!u.
The water binding energy shows a linearly decreasing trend
as more water molecules are added to the hydration shell. It
is worth noting however, that the energy required to remove
one water molecule from clusters with n57,8 water mol-
ecules uDE incu;55 kJ mol21 is not much greater than the
energy of a strong hydrogen bond between water molecules,
and it is twice as low as that for a cluster with six water
molecules. To clarify the situation we have also optimized by
DFT calculation clusters with seven and eight water mol-
ecules, adding one (611 cluster! and two water molecules
(612) cluster to the secondary shell of the cluster with six
water molecules in the first shell, respectively. The resulting
interaction energies inserted also in Table II and Fig. 2, show
that both clusters are more stable than those with the same
number of water molecules only in the first hydration shell.
The distance between hydrogen bonded first and second
shell water molecules is found to be shortened by 0.15 Å in
agreement with previous ab initio cluster calculations.27
Moreover, significantly more energy is required to remove
one water molecule from a (611) cluster than is necessary
for the removal of one from the Ca(H2O)621 cluster itself.
The results indicate that in the liquid phase more likely the
existence of an octahedral hydration shell of the calcium ion
is preferred, due to the competition of ion–water and water–
water interactions between the first and second shell water
molecules.
The stretching and bending vibration frequencies of wa-
ter molecules in the hydration shell of the Ca21 ion result in
a significant redshift and blueshift, respectively. The fre-
quency shifts decrease as the cluster size increases. The har-
monic vibration frequencies from the DFT/BLYP calcula-
tions are about 2%–4% higher than those in the CP/BLYP
calculations.
B. Radial distribution functions
The Ca21 – O and Ca21 – H radial distribution function
~RDF! obtained from the CPMD study of calcium ion in
solution of 54 water molecules, together with their running
coordination numbers defined byTABLE II. Harmonic vibration frequencies ~in cm21! obtained with DFT theory ~a! and CPMD simulation ~b!. Ca– 6H2O11H2O and Ca– 6H2O12H2O
stand for octahedral clusters with one and two water molecules in the secondary shell.
OH1 OH2 HOH
~a! ~b! ~a! ~b! ~a! ~b!
H2O 3781 3780 3676 3657 1572
Ca21 – H2O 3578 3491 3535 3447 1664 1640
Ca21 – 2H2O 3618 3532 3574 3480 1667
Ca21 – 3H2O 3650 3557 3599 3504 1660 1640
Ca21 – 4H2O 3675 3582 3616 3523 1655 1638
Ca21 – 5H2O 3698 3606–3615 3635 3540–3550 1643 1629
Ca21 – 6H2O 3716 3624–3627 3643 3554–3558 1634 1625–1627
Ca21 – 7H2O 3740–3728 3635–3649 3662–3651 3568–3576 1617–1629 1612–1623
Ca21 – 8H2O 3745 3660 1608–1614
Ca21 – 6H2O
11H2O
3704–3752 3651–3668
3066
1612–1659
Ca21 – 6H2O
12H2O
3704–3752 3651–3668
3108–3126
1601–1660 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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0
r
r2gxy~r !dr ,
where r0 is the number density are shown in Fig. 3.
Due to the two positive charges on the calcium ion the
first minimum of the ion–oxygen RDF is much more pro-
nounced than for the alkali ions such as Li1, Na1. The po-
sitions of the first maxima in Ca–O and Ca–H radial distri-
bution functions are located at 2.45 Å and 2.98 Å,
respectively. The average nearest neighbor distances ob-
tained are in perfect agreement with those found in x-ray and
neutron diffraction experiments.9–11 The second neighbor
FIG. 3. Ca–O, Ca–H radial distribution functions and running coordination
numbers obtained in the CPMD simulation with 54 water molecules.
FIG. 4. O–O, O–H, H–H radial distribution functions and running coordi-
nation numbers in solution 54 water molecules ~full line! and those for pure
water obtained in CPMD simulations.Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject toshell of the ion in solution is found to extend approximately
from 3.5 to 5 Å. The first and second peak of the Ca–O RDF
is well separated. A coordination number of six for the Ca21
ion integrated up to the first minimum was obtained. In con-
trast to gas phase structures the first hydration shell of water
molecules around the calcium ion are oriented such that hy-
drogens point away from the ion towards the second shell.
Each of these water molecules are linked by hydrogen bonds
to three molecules in the second hydration shell. It has to be
mentioned that contrary to our gas phase 611 and 612
cluster calculations and in agreement with the CPMD simu-
lation of the magnesium ion7 we do not observe a significant
decrease in the distance between first and second shell water
molecules of calcium ion.
A comparison of the O–O RDF resulted in CPMD simu-
lation with that obtained from pure water simulation using
the same method is given in Fig. 4. The first intermolecular
peak of the pure water RDF exhibits a bit more structure than
that obtained from the Ca–water simulation. The water–
water coordination numbers calculated by integration of
O–O RDF’s up to the position of the first minimum are 4.2
and 4.4 in the ionic solution and pure water, respectively.
The average OH intramolecular bond length is essen-
tially unchanged at 0.975 Å as compared the bulk water. The
average HOH angle in the solution 105.8° is slightly in-
creased compared to the pure water ~105.1°!. Table III shows
coordination numbers and the first peak positions obtained
from other theoretical and experimental methods.
C. The hydration shell structures
In order to visualize the particle and time-averaged geo-
metrical arrangement of the nearest neighbor water mol-
ecules around the calcium ion, a hydration shell fixed coor-
dinate system has been introduced, where the ion defines the
origin, the O atom of the hydration shell water molecules the
z axis, and a second one fixes the XY plane ~together with the
X-axis! in the sense of a right-handed coordinate system. The
TABLE III. First peak positions and coordination numbers obtained from
the present work and other theoretical and experimental methods.
RCaO NO Method Ref.
2.45 6 CPMD Present work
2.39 6.9 XD 9
2.39 9.0 MD 9
2.50 8.6 MD 14
2.53 9.1 MD 14
2.45 8 MD 15
2.51 8.1 QM/MDDFT 13
2.46 7.6 QM/MDHF 13
2.40 7.0 MC 10
2.46 8.0 XD 10
2.43 8.0 EXAFS 10
8.0 MD 2.46 10
2.39 8.0 MD 13
2.46 10.0 ND 12
2.42 6.0 XD 11
2.50 7.1 MD/threeb. 13
2.47 9.2 MD/pair 13
2.44 6.0 XD 17
2.54 9.3 MD 18 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ion-centred coordination system at several hundred different
times spread over the whole simulation run provides the av-
erage distribution of the water molecules in the hydration
shell of the ion. In order to reduce the arbitrariness of the
coordinate system defined, the collection of the coordinates
of the hydration shell water molecules was repeated 36 times
and then averaged using each of the O atoms in the first shell
for the definition of the positive Z direction together with all
other O atoms in the first shell defining the XY plane. The
projection density of the oxygen atom positions onto the XY
plane of this coordinate system is shown in Fig. 5. The more
pronounced projection density in the positive X direction is
due to the definition problem of the coordinate system re-
mained in spite of the averaging procedure described above.
Figure 5 shows unambiguously a well defined fourfold rota-
tional symmetry, which is obviously corresponding to a regu-
lar octahedral arrangement of hydrated water molecules
around the Ca21 ion.
IV. LOCALIZED ORBITAL ANALYSIS OF ELECTRONIC
POLARIZATION
The dipole moment of the water molecule in the liquid
water and ionic solution has already been studied several
times during the last five years. In the gas phase the experi-
mental dipole moment of a water molecule is 1.855 D. In the
water clusters this value increase to 2.3–2.7 D. In the liquid
water, the most commonly accepted value is 2.6 D as ob-
tained by Coulson and Eisenberg for ice Ih .29 The ab initio
MD calculation offers the possibility of calculating the aver-
age dipole moment of a water molecule. Recently this quan-
tity has been calculated from a CPMD simulation and the
dipole moment of the water molecule in liquid water was
found about to be 3.0 D depending on the system size.19
The dipole moment of each water molecule can be de-
fined by assigning the total charge of each fixed Wannier
function to a point located at the corresponding Wannier
function center on the O atom. The probability distribution of
dipole moments of all water molecules together with that for
FIG. 5. Time averaged projection of water molecule positions onto the XY
plane of the coordinate system fixed to the hydration shell of calcium ion
and given in the text obtained in the CPMD simulation of the solution with
54 water molecules.Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject tohydration shell water molecules calculated with this defini-
tion is shown in Fig. 6. As can be seen from this figure the
distribution of dipole moments of all water molecules can be
characterized by a relatively broad peak centered at 3.05 De-
bye. The center of the dipole moment distribution for water
molecules in the hydration shell of calcium ion is shifted to
3.4–3.5 Debye. A similar increase of the average dipole mo-
ment of water molecules together with an increase in the
HOH bond angle and stretching frequency of the OH bond
was also observed for Be21 and Mg21 hydration shells.3,7
To elucidate the origin of the increased dipole moment
of the hydrated water molecules around the calcium ion the
distribution of the HOH, WelOWel , and WboOWbo angles
were calculated separately for water molecules belonging to
the first solvation shell of Ca21 ion and bulk water. The
mean values for the HOH and WelOWel angles for hydration
shell water molecules decrease compared with the bulk water
as shown in Fig. 7. This effect observed explains the increase
of the average dipole moment of water molecules in the first
hydration shell of the calcium ion.
FIG. 6. Histograms of the dipole moments of water molecules in the hydra-
tion shell of calcium ion ~full circles! and bulk water ~open circles! obtained
in present CPMD simulations.
FIG. 7. Distribution of the HOH, WelOWel , and WboOWbo angles calculated
separately for water molecules belonging to the first solvation shell of the
Ca21 ion and bulk water. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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We have performed DFT gas phase localized orbital and
plane wave CPMD calculations of Ca(H2O)n21 clusters and
CPMD simulations of a calcium ion in a solution, using a
periodic box of 54 water molecules. We found that stable
highly symmetric Ca–water clusters can be formed with up
to eight water molecules. Among the clusters with n57 and
8 water molecules, those which are formed with six water
molecules in the first neighbor shell and with one or two in
the second shell of the calcium ion are more stable. The
coordination shell of the calcium ion in solution was consists
of six water molecules in well defined octahedral positions.
Each of these molecules are linked by hydrogen bonds to
three molecules in the secondary shell. The localized orbital
analysis of the first hydration shell water molecules has been
used for clarification of the orientation and the extent of po-
larization of the molecules. As a result of our calculations the
water molecules in the first hydration shell were found to
coordinate the ion with one of the lone pairs contrary to
Ca(H2O)621 gas phase cluster calculations. The dipole mo-
ment of water molecules was found to increase by about 0.4
Debye relative to that of bulk water. The strong polarization
effect of the double charged cation taken into account in a
self-consistent way in the CPMD simulation explains devia-
tion in coordination number of calcium ion compared to the
results of classical MD simulations with two body interac-
tions where this effect was neglected. Similar difference be-
tween coordination numbers for Be21 ion has also been ob-
served compared to those obtained in classical MD
simulations with two and with three body potentials. The
difference in coordination number of calcium ion ~6–8! ob-
tained in our CPMD simulation relative to the results by
recent liquid diffraction and EXAFS methods10 can be attrib-
uted to the uncertainties inherent in these experimental tech-
niques in the determination of coordination numbers.
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